UV light is a critical event in photocarcinogenesis. Although p53 is of importance in this process, evidence exists that other pathways play a role as well. Therefore, we studied whether the apoptosis-related surface molecule CD95 (Fas/APO-1) is involved. The human keratinocyte cell line HaCaT expresses CD95 and undergoes apoptosis after treatment with UV light or with the ligand of CD95 (CD95L). Incubation with a neutralizing CD95 antibody completely prevented CD95L-induced apoptosis but not UV-induced apoptosis, initially suggesting that the CD95 pathway may not be involved. However, the protease CPP32, a downstream molecule of the CD95 pathway, was activated in UVexposed HaCaT cells, and UV-induced apoptosis was blocked by the ICE protease inhibitor zVAD, implying that at least similar downstream events are involved in CD95-and UV-induced apoptosis. Activation of CD95 results in recruitment of the Fas-associated protein with death domain (FADD) that activates ICE proteases. Immunoprecipitation of UV-exposed HaCaT cells revealed that UV light also induces recruitment of FADD to CD95. Since neutralizing anti-CD95 antibodies failed to prevent UV-induced apoptosis, this suggested that UV light directly activates CD95 independently of the ligand CD95L. Confocal laser scanning microscopy showed that UV light induced clustering of CD95 in the same fashion as CD95L. Prevention of UV-induced CD95 clustering by irradiating cells at 10 Њ C was associated with a significantly reduced death rate. Together, these data indicate that UV light directly stimulates CD95 and thereby activates the CD95 pathway to induce apoptosis independently of the natural ligand CD95L. These findings further support the concept that UV light can affect targets at the plasma membrane, thereby even inducing apoptosis.
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A poptosis is an important and well-controlled form of cell death that occurs under a variety of physiological and pathological conditions. This process has been recognized to be of major importance for embryonic development, tissue homeostasis, neurodegeneration, autoimmune diseases, AIDS, carcinogenesis, cancer progression, and the killing of cancer cells induced by chemotherapeutic drugs (Cohen, 1991; Ameisen, 1994; Kerr et al., 1994; Friesen et al., 1996; Gehri et al., 1996; Kusiak et al., 1996; Jacobson et al., 1997) . Once the apoptosis program is activated, it starts with blebbing of the membrane, followed by degradation of the chromosomal DNA by nucleases, resulting in condensation and fragmentation (Cohen, 1993) .
Finally, cell fragments are removed by phagocytes without causing any inflammatory reaction. Since apoptosis represents a physiological event that essentially contributes to the homeostasis of the organism, inappropriate apoptosis is involved in many disorders, including immune deficiency and autoimmune diseases, Alzheimer's disease, and various malignancies (Carson et al., 1993; Barr and Tomei, 1994; Kusiak et al., 1996) . Consequently, control of apoptosis has been recognized as an important target for therapeutic intervention, making elucidation of the molecular mechanisms regulating this process of primary interest.
UV light represents one of the most important environmental factors. Besides its well-known advantages and its indispensable effects on human life, UV light, and in particular the middle wave length range (290-320 nm), called UVB, can be a hazard to human health by inducing cancer, premature skin aging, immunosuppression, inflammation, and cell death (Young, 1987; Gilchrest, 1990; Kripke, 1990; Fisher et al., 1996; Kraemer, 1997) . A hallmark event of UV exposure is the occurrence of sunburn cells within the epidermis (Danno and Horio, 1987; Young, 1987) . By using simple morphological criteria, these cells have been recognized for a long time as keratinocytes undergoing apoptosis. By applying more advanced techniques, it was later confirmed that UV light induces apoptosis in keratinocytes and epithelial cell lines (Martin and Cotter, 1991; Casciola-Rosen et al., 1994; Schwarz et al., 1995; Benassi et al., 1997; Gniadecki et al., 1997; Leverkus et al., 1997) . Until recently, the functional role of sunburn cells was completely obscure and just regarded as a marker for severity of sun damage. Ziegler et al. (1994) currently provided evidence that, in contrast to the conventional view, sunburn cell formation may be important for preventing skin cancer. In this process, the tumor suppressor gene p53 appears to be critically involved since mice devoid of functional p53 develop almost no sunburn cells compared with control mice after irradiation with equal doses of UV light (Ziegler et al., 1994) . This supports the concept that UVdamaged keratinocytes that failed to repair the damage will die as sunburn cells, thus escaping the risk of becoming malignant. Therefore, the formation of sunburn cells can be regarded as a scavenging phenomenon protecting the individual from developing UV-induced skin cancer. Consequently, keratinocytes with p53 mutations appear to be more susceptible to the tumor-promoting effects of UV light. Because of diminished p53-mediated apoptotic cell death, these cells can now survive, whereas neighboring cells carrying damaged DNA but wild-type p53 are eliminated by apoptosis Kraemer, 1997) . By preferentially mutating p53 (Brash et al., 1991) , UV light can exert a selective pressure for the mutated, damage-resistant keratinocytes, thereby allowing these cells to clonally expand and to form actinic keratosis, the prestage of skin cancer (Ziegler et al., 1994) . However, because up to 4% of keratinocytes of normal appearing sun-exposed skin cells carry p53 mutations but far less develop into actinic keratoses or cancer, the majority has to undergo squamous differentiation or apoptosis Kraemer, 1997) . This implies that pathways other than p53 must be involved in UV-induced apoptosis of keratinocytes. This is also supported by the observation that the spontaneously transformed human keratinocyte cell line HaCaT, which carries p53 mutations (Lehman et al., 1993) , undergoes apoptosis upon UV exposure (Schwarz et al., 1995) .
CD95 (Fas/APO-1) is a death-promoting receptor that belongs to the tumor necrosis factor (TNF) 1 receptor family (Trauth et al., 1989; Ito et al., 1991) . Triggering of the CD95 molecule either by agonistic antibodies or by the natural ligand CD95L (FasL) induces apoptosis (Suda et al., 1993) . Ligand binding induces trimerization of CD95, and the trimerized cytoplasmic region then transduces the signal by recruiting a molecule called FADD (Fas-associating protein with death domain) or MORT1 (mediator of receptor-induced toxicity), which binds to CD95 via interaction of the death domain at its COOH terminus (Boldin et al., 1995; Chinnayan et al., 1995) . The NH 2 -terminal region of FADD is responsible for downstream signal transduction by recruitment of a protein called FLICE (FADDlike interleukin-1 ␤ -converting enzyme [ICE] ) or MACH (MORT1-associated CED-3 homologue), recently designated as caspase-8 (Alnemri et al., 1996; Boldin et al., 1996; Muzio et al., 1996) . The NH 2 terminus of caspase-8 binds to FADD/MORT1, while its COOH-terminal region is related to the caspase-3 (CPP32) subfamily. Therefore, FLICE/MACH preferentially cleaves caspase-3 substrates such as poly(ADP)ribose polymerase (PARP) (Boldin et al., 1996) but can also cleave ICE proteases including CPP32 (Muzio et al., 1997) .
The importance of the CD95/CD95L system for tissue homeostasis is best demonstrated by the mouse mutations lpr and gld , respectively. Mice carrying homozygous mutations in lpr do not express functional CD95 (WatanabeFukunaga et al., 1992) , while mice with gld mutations lack functional CD95L (Takahashi et al., 1994) . Both mice strains develop autoimmune features like splenomegaly and lymphadenopathy. CD95 is ubiquitously expressed in various tissues. CD95L was initially found on activated T lymphocytes, natural killer cells, and cells of "immune privileged organs" like testis and the anterior chamber of the eye (Bellgrau et al., 1995; Griffith et al., 1995; Friesen et al., 1996; Tanaka et al., 1996) , yet the list of cells being able to express CD95L under certain conditions is steadily increasing (Hahne et al., 1996; Giordano et al., 1997) .
Keratinocytes have been shown to express CD95 both in vitro and in vivo (Sayama et al., 1994; Matsue et al., 1995) . Accordingly, treatment of keratinocytes with agonistic CD95 antibodies after upregulation of CD95 by interferon-␥ results in apoptosis (Matsue et al., 1995; Takahashi et al., 1995) . Although there is no doubt that keratinocytes express CD95L at the mRNA and protein level (Leverkus et al., 1997) , it has not yet been proven that it is functionally active (Viard, I., A. Limat, M. Schröter, M. Hahne, T. Hunziker, J.-H. Saurat, J. Tschopp, and L. French. 1997. J. Invest. Dermatol. 108:569a) .
Since pathways other than p53 must be involved in UV-induced apoptosis of keratinocytes, we investigated whether the CD95/CD95L system plays a role in this process. Here, we show that UV light induces activation of CPP32, PARP cleavage, and finally apoptosis in the human keratinocyte cell line HaCaT similarly to CD95L. UV-induced apoptosis of HaCaT cells, however, could neither be prevented nor reduced by neutralizing CD95 antibodies, suggesting that interaction of CD95 with its ligand CD95L may not be of major importance in UVinduced apoptosis. However, immunoprecipitation of UVexposed HaCaT cells with an anti-CD95 antibody followed by Western blotting with an anti-FADD antibody revealed that UV light induces recruitment of FADD to CD95. This indicates that UV light activates CD95 directly and independently of the ligand CD95L. This was confirmed by confocal laser scanning microscopy showing that UV light induces clustering of the CD95 receptor similarly to CD95L. Prevention of UV-induced CD95 clustering by keeping cells at low temperatures was associated with a significantly reduced death rate. Moreover, UV-induced apoptosis was reduced in HaCaT cells transfected with a 1. Abbreviations used in this paper : CD95L, CD95 ligand; FADD, Fasassociated protein with death domain; ICE, interleukin-1 ␤ -converting enzyme; PARP, poly(ADP)ribose polymerase; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; TRADD, TNFR1-associated death domain. dominant negative FADD mutant. Together, these data indicate that UV light directly activates CD95 and thereby stimulates the CD95 pathway to induce apoptosis independently of the natural ligand CD95L.
Materials and Methods

Cell Culture and Irradiation
The spontaneously transformed human keratinocyte cell line HaCaT was kindly provided by Dr. Fusenig (German Cancer Research Center, Heidelberg, FRG) (Boukamp et al., 1988) , and the human skin-derived squamous cell carcinoma line SCL-1 was provided by Dr. Boukamp (German Cancer Research Center) (Boukamp et al., 1988) . UVB irradiation was performed as described (Köck et al., 1990) . Briefly, cells were seeded in DME supplemented with 10% FCS into tissue culture dishes at a density of 2 ϫ 10 5 /ml and grown until subconfluency. Immediately before UV irradiation, cells were washed twice with prewarmed PBS and exposed to UV through PBS. For UV irradiation, we used a bank of four FS20 bulbs (Westinghouse Electric Corp., Pittsburgh, PA), which emit most of their energy within the UVB range (290-320 nm) with an emission peak at 313 nm. Throughout this study, a dose of 300 J/m 2 was used since according to pilot experiments this dose induced apoptosis in a significant percentage of cells. Control cells were subjected to the identical procedure without being UV exposed.
Reagents
The following antibodies directed against human CD95 were used: A rabbit IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA) was used for Western blot analysis; a mouse IgG1 (ZB4; Upstate Biotechnology, Inc., Lake Placid, NY) was used for neutralization; a mouse IgG3 (Celldiagnostica, Münster, Germany) was used for immunoprecipitation; and a mouse IgM (CH-11; Immunotech, Hamburg, FRG) was used to induce apoptosis. A rabbit IgG against human FADD was obtained from Santa Cruz. Recombinant CD95L was purchased from Alexis (San Diego, CA). To enhance the efficacy of killing, CD95L was preincubated with an equal amount of an enhancer protein (Alexis) at 37 Њ C for 30 min before addition to cells. Activation of ICE-proteases was blocked by the tripeptide z-ValAla-Asp-CH 2 F (zVAD; Enzyme Systems Products, Livermore, CA). Recombinant human TNF-␣ was obtained from Boehringer Mannheim (Mannheim, Germany). Monoclonal antibody 985 against the extracellular domain of TNF receptor 1 (TNFR1) and a rabbit polyclonal antibody against TNRF1-associated death domain (TRADD) were kindly provided by D. Goeddel (Tularik, San Francicso, CA) (Hsu et al., 1995) . The FADD dominant negative mutant construct pcDNA3-FADD-DN was kindly provided by V. Dixit (University of Michigan, Ann Arbor, MI) .
Detection of Cell Death
Unless otherwise stated, for evaluation of apoptosis, a cell death detection ELISA (Cell Death Detection ELISA PLUS ; Boehringer Mannheim) was used according to the manufacturer's instructions. 16 h after treatment with UV light or recombinant CD95L, cells were detached from dishes by trypsinization and centrifuged, and cell pellets were resuspended in PBS. The principle of this test is based on the detection of mono-and oligonucleosomes in the cytoplasmic fractions of cell lysates by using biotinylated antihiston-and peroxidase-coupled anti-DNA antibodies. The enrichment of mono-and oligonucleosomes released into the cytoplasm is calculated as absorbance of sample cells/absorbance of control cells. Enrichment factor was used as a parameter of apoptosis and shown on the y-axis as mean Ϯ SD of triplicates. An enrichment factor of 1.0 corresponded approximately to 7-10% of dead cells as determined in parallel by FACS ® analysis after staining with FITC-labeled annexin V (Bender Corp., Vienna, Austria). Assays were performed at least three times, and data shown are representatives of those.
Transfection
Cells were cotransfected with 1 g of pCMV ␤ -gal vector (Stratagene, Heidelberg, FRG) and 1 g of either pcDNA3-FADD-DN or 1 g of pcDNA3 using Lipofectamine (Life Technologies, Gaithersburg, MD).
Cells were treated 24 h after transfection with either 200 ng/ml antihuman CD95 antibody (Immunotech, Hamburg, FRG) or 300 J/m 2 UV light. Control cells were left untreated. 16 h later, cells were fixed in PBS buffer containing 2% paraformaldehyde, 0.2% glutaraldehyde at 4 Њ C for 20 min, and stained for 5 h with X-gal (100 g/ml), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 1 mM MgCl 2 in PBS. Positive cells were microscopically observed for apoptosis according to the method described by Bertin et al. (1997) and Hsu et al. (1995) 
Immunoprecipitation
After stimulation, cells were incubated with the cleavable cross-linker 3,3 Ј -dithiobis[sulfosuccinimidyl-propionate] (Pierce Chemical Co., Rockford, IL) for 10 min at 4 Њ C. The reaction was stopped by incubation in PBS containing 10 mM ammonium acetate for 5 min at 4 Њ C. Cells were detached from dishes by use of a rubber policeman, washed twice in ice cold PBS, and lysed in lysis buffer (30 mM Tris, pH 7.5, 150 mM NaCl, 1 mM PMSF, 4 g/ml aprotinin, 1% NP-40, 10% glycerol; all purchased from Sigma Chemical Co., St. Louis, MO) for 15 min on ice. After centrifugation at 14,000 rpm at 4 Њ C for 15 min, an anti-human CD95 antibody or an anti-human TNFR1 antibody and protein G-Sepharose were added and reacted at 4 Њ C overnight. The protein-antibody-beads complex was washed five times in lysis buffer, and proteins were eluted from the beads by incubation in boiling water for 5 min in the presence of 2-mercaptoethanol at a final concentration of 2.5% and centrifuged at 14,000 rpm, 4 Њ C for 1 min. Supernatants were applied to 12% SDS-PAGE at 150 V for 2.5-3 h. Subsequently, proteins were blotted to nitrocellulose membranes. For Western blot analysis, membranes were first blocked in TBS-T solution (10 mM Tris, pH 8, 150 mM NaCl, 0.1% Tween-20 [Sigma Chemical Co.]) containing 5% ovalbumin (Sigma Chemcial Co.) at room temperature for 2 h before addition of the respective antibodies.
Western Blot Analysis
Cells were harvested by use of a rubber policeman and lysed in RIPA buffer (10 mM Tris, pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 4 g/ml aprotinin, 1 mM sodium orthovanadate) for 15 min on ice. After centrifugation, supernatants were collected, and the protein content was measured with the Bio-Rad Protein assay kit (Bio-Rad Labs, Hercules, CA). The protein samples were subjected to SDS-PAGE, blotted to nitrocellulose membranes, and incubated with antibodies directed against CPP32 (Pharmingen, San Diego, CA) or against PARP (Pharmingen). To monitor equal loading of proteins, membranes were incubated with an antibody directed against ␣ -tubulin (Pharmingen). Signals were detected by use of an ECL-kit (Amersham International, Buckinghamshire, UK).
Confocal Laser Scanning Microscopy
Cells were seeded into tissue culture chambers (Chamber Slide; Nunc, Naperville, IL). 24 h later, medium was changed, and cells were treated with 100 ng/ml CD95L and 10 ng/ml TNF-␣ or 300 J/m 2 UV. Control cells were left untreated. 30 min after stimulation, cells were fixed in 4% paraformaldehyde (Sigma Chemical Co.) and washed twice with PBS for 10 min. Cells were preincubated with 2% BSA (Sigma Chemical Co.) for 30 min and incubated with an antibody directed against CD95 (ZB4) diluted in 1% BSA for 2 h at room temperature. The samples were further processed by an indirect immunofluorescence technique using FITC-conjugated goat anti-mouse antibodies (dilution 1:50; Dianova, Hamburg, FRG). For retardation of fading of the fluorochrome during laser microscopy, 1,4-diazobicyclo-(2,2,2)-octane (Merck, Darmstadt, FRG) was added to the glycerol used for mounting the preparations. The specimens were analyzed with a confocal laser scanning microscope equipped with an argon laser (model Wild Leitz-CLSM Diaplan; Leitz, Heidelberg, FRG). The confocal principle eliminates light out of focus, allows optical sectioning, and gives an improvement in resolution by a factor of 1.4 (Brakenhof et al., 1979; White et al., 1987) . The cells were x/y scanned in the reflecting mode. For optical sectioning, the pinhole was closed to 60 nm, and an image averaging was performed. The images were stored on an optic disc, later processed with a highpass filter, and displayed in glow overflow pseudocolor.
Results
Anti-CD95 Antibodies Prevent CD95L-mediated but Not UV-induced Apoptosis of HaCaT Cells
To study whether the CD95 pathway is involved in UVinduced apoptosis of keratinocyte cell lines, the spontaneously transformed human keratinocyte cell line HaCaT was used since this cell line expresses CD95 (data not shown) and undergoes apoptosis after UV exposure (Schwarz et al., 1995) . Treatment of HaCaT cells with 100 ng/ml recombinant CD95L caused remarkable killing, as measured by a cell death detection ELISA (Fig. 1) . A similar DNA fragmentation rate was observed in HaCaT cells after exposure to 300 J/m 2 UV light, confirming previously published data (Schwarz et al., 1995) . CD95L-induced killing of HaCaT cells was completely prevented by coincubating the cells with a neutralizing antibody directed against CD95 (1 g/ml) for 30 min (Fig. 1) . In contrast, UV-induced killing was not at all affected by the anti-CD95 antibody, implying so far that the CD95 pathway may not be involved in UV-induced apoptosis.
Like CD95L, UV Light Activates CPP32 Followed by Cleavage of the Death Substrate PARP
To further elucidate the mechanisms involved in UVinduced apoptosis, we investigated whether UV light induces activation of CPP32, a member of the family of ICE proteases. CPP32 was recently identified to be involved in CD95-mediated killing (Enari et al., 1996; Schlegel et al., 1996) . CPP32 can only act in a functional manner when it is cleaved into its 17-kD active form (Nicholson et al., 1995) . HaCaT cells were exposed to 300 J/m 2 UV and 2, 4, 8, and 16 h later cell lysates were prepared for Western blotting using an antibody against CPP32. Since this antibody is directed against a domain of the CPP32 proform, it cannot recognize the processed 17-kD form, resulting in loss of the immunoreactive band in samples in which CPP32 has been activated. As shown in Fig. 2 a , a significant disappearance of CPP32 was observed in samples of UV-exposed HaCaT cells. UV-induced cleavage (activation) of CPP32 occurred as early as 2 h after irradiation, and complete processing was observed after 8 h. To exclude the possibility that the loss of the immunoreactive band is due to differences in the amounts of proteins loaded, the same samples were subjected to Western blotting against ␣ -tubulin and showed identical intensities of signals (Fig. 2 c ) .
Since CPP32 cleaves the death substrate PARP (Lazebnik et al., 1994), we next examined whether UV exposure results in cleavage of PARP. As shown in Fig. 2 b , PARP was found cleaved from its intact 116-kD form into the 85-kD fragment in samples of UV-exposed cells. PARP cleavage followed the activation of CPP32 since PARP remained uncleaved until 4 h after irradiation, but cleaved 85-kD fragments appeared 8 h after irradiation. A similar cleavage pattern was also observed in HaCaT cells treated with CD95L (data not shown).
UV-induced Apoptosis Is Prevented by the ICE Inhibitor zVAD
To prove that activation of ICE-like proteases is functionally relevant in UV-induced apoptosis, the effect of the ICE Figure 1 . Anti-CD95 antibody prevents CD95L-but not UVinduced apoptosis. HaCaT cells (2 ϫ 10 5 /ml) were pretreated with a neutralizing anti-CD95 antibody (anti-CD95) or with an isotype control (iso). 30 min later, cells were either exposed to 300 J/m 2 UV light or stimulated with 100 ng/ml recombinant CD95L. For control purposes cells were left untreated (Ϫ). 16 h later, apoptosis was examined by determining nucleosomal DNA fragmentation using an apoptosis determination kit. Rate of apoptosis is reflected by the enrichment of nucleosomes in the cytoplasm shown on the y-axis. Data presented show one representative of three independently performed experiments. family inhibitor zVAD on UV-induced apoptosis was investigated. UV-induced killing of HaCaT cells was almost completely prevented when cells were preincubated with 20 M zVAD for 30 min (Fig. 3) . For control purposes, cells were treated with CD95L in the presence or absence of zVAD, and viability was monitored for 16 h thereafter. CD95L-mediated killing was completely blocked by zVAD, confirming previous findings demonstrating the involvement of ICE-like proteases in CD95-mediated apoptosis (Enari et al., 1995; Los et al., 1995) . Together, these data suggest that activation of ICE proteases is not only crucial in CD95-mediated apoptosis but also in UV-induced cell death.
UV Light Induces Recruitment of FADD to CD95
It has been reported that activation of CD95 requires trimerization of the receptor, which results in recruitment of the FADD protein (for review see Chinnaiyan et al., 1995; Nagata, 1997) . After recruitment of FADD to CD95, the most upstream ICE-like protease, FADD-homologous ICE/CED-3 like protease (FLICE) (Boldin et al., 1996; Muzio et al., 1996) is further recruited, completing the formation of the death-inducing signaling complex (Kischkel et al., 1995) . Since our data obtained so far revealed similarities between UV-and CD95L-induced cell death of HaCaT cells but also clearly showed that UV-induced cell death cannot be prevented by blocking CD95 with neutralizing antibodies, we studied whether UV exposure induces recruitment of FADD to CD95. For this purpose, cells were exposed to UV light, and 1 and 4 h later cell lysates were obtained and immunoprecipitated with an antibody directed against CD95. Western blot analysis using an antibody directed against FADD revealed that UV light rapidly induced recruitment of FADD to CD95 (Fig.  4 a ) . To examine the amounts of recovered proteins loaded to the gel, the same membranes were reprobed with an antibody directed against CD95 (Fig. 4 b ) . As a positive control, the same procedure was performed with HaCaT cells, which were treated with CD95L instead of UV light. As expected, stimulation of CD95 by the ligand also resulted in recruitment of FADD to CD95.
UV Light Induces Aggregation of CD95 on HaCaT Cells
Recently, Rosette and Karin (1996) have reported that UV light can induce aggregation of cytokine receptors, including those for TNF, EGF, and interleukin-1 independently of their respective ligands. Since FADD recruitment has been shown to be a consequence of CD95 trimerization (Chinnayan et al., 1995), we next addressed whether UV light can induce CD95 receptor aggregation. Therefore, cells were either irradiated with UV light, stimulated with CD95L, or left untreated. 30 min later, cells were fixed with 4% paraformaldehyde, incubated with a murine antibody directed against CD95, and stained by an indirect immunofluorescence technique using FITC-labeled goat anti-mouse IgG for further analysis by confocal laser scanning microscopy. While untreated HaCaT cells showed an extremely weak diffuse staining of CD95 (Fig. 5 a ) , stimulation of cells with CD95L resulted in rapid aggregation of CD95, enabling a dense patchy staining that was primarily membrane localized (Fig. 5 b ) . The staining appears to be specific because stimulation of cells with TNF-␣ did not re- HaCaT cells were either stimulated with 100 ng/ml recombinant CD95L, irradiated with 300 J/m 2 UV light, or left untreated. 1 and 4 h later, proteins were extracted and immunoprecipitated with an antibody directed against CD95. After blotting to nitrocellulose membranes, Western blot analysis was performed using an antibody directed against FADD (a). To monitor loading of protein samples, the same membranes were reprobed with an anti-CD95 antibody (b). sult in aggregation of CD95 (Fig. 5 d ) but did for TNFR1, which was shown by using a TNFR1-specific antibody (data not shown). As shown in Fig. 5 c , UV exposure induced a similar aggregation pattern of CD95, which was almost indistinguishable from that induced by CD95L (Fig. 5 b ) . To gain further insight into the kinetics of UVinduced CD95 clustering, HaCaT cells were exposed to 300 J/m 2 UV light, fixed after 0.5, 2, 6, or 10 h, stained with the anti-CD95 antibody, and subjected to confocal laser scanning microscopy. As the time sequence shows (Fig. 6) , UV-induced CD95 clustering lasted up to 6 h after UV exposure and then faded, yielding after 10 h a less intense and much more diffuse, partially cytoplasmic staining pattern (Fig. 6 d ) . Evaluation of staining at later time points did not yield further assessable data since cells then start to die, which is associated with significant changes in cell morphology. Taken together, these data strongly suggest that UV light activates the CD95 receptor directly by inducing its aggregation.
Reduction of UV-induced Apoptosis by Prevention of CD95 Aggregation
To test whether UV-induced clustering of CD95 is functionally relevant for the induction of apoptosis by UV light, the effect of exposing HaCaT cells to UV light at lower temperatures was examined. Rosette and Karin (1996) showed that incubating cells at 10 Њ C prevented receptor clustering after UV irradiation and consequently inhibited JNK activation. Therefore, we surmised that if the clustering of CD95 caused by UV light is functionally relevant for the induction of apoptosis, cells exposed to UV light at low temperatures should be less susceptible to apoptosis. In contrast, keeping cells exposed to CD95L at low temperature for the same period should have no significant effect, provided that CD95L is not washed off and remains present after culturing at 37 Њ C for the next 16 h. Therefore, HaCaT cells were kept at 10 Њ C for 30 min and exposed to 300 J/m 2 at this temperature. After 10 min, cells were incubated at 37 Њ C for 16 h, and the apoptosis rate was determined. Compared with HaCaT cells UVirradiated at 37 Њ C, cells irradiated at 10 Њ C were significantly less susceptible to UV-induced killing (Fig. 7) . In contrast, no difference in the rate of apoptosis was observed when cells were exposed to recombinant CD95L under identical conditions.
To prove that keeping cells at 10 Њ C prevents UV-induced clustering of CD95, HaCaT cells were UV-exposed at low temperatures and kept at 37 Њ C for 2 h, and receptor clustering was examined by confocal laser scanning microscopy as described above. In contrast to the clear clustering observed in HaCaT cells exposed to UV light at 37 Њ C (Fig.  5 b ) , CD95 aggregation was significantly reduced when HaCaT cells were UV-irradiated at low temperatures (Fig.  8 a ) . Adding recombinant CD95L at low temperatures did not reduce clustering intensity, provided the cells were cultured at 37 Њ C for the following 2 h in the presence of CD95L (Fig. 8 b ) . Together, these data show that UV light induces clustering of CD95 on HaCaT cells, which is of functional importance for UV-induced apoptosis since inhibition of clustering is associated with a reduced death rate. 
Reduction of UV-induced Apoptosis in FADD Dominant Negative Mutant HaCaT Cells
To further prove that activation of CD95 by UV light is of functional relevance in UV-mediated apoptosis, HaCaT cells were cotransfected with pCMV␤-gal vector and with the FADD dominant negative mutant construct pcDNA3-FADD-DN or with the vector pcDNA3. 24 h after transfection, cells were treated with either 300 J/m 2 UV, with an agonistic anti-CD95 antibody (200 ng/ml), or left untreated. 16 h later, cells were fixed, and viability of ␤-galactosidase-expressing cells was evaluated as described (Hsu et al., 1995; Bertin et al., 1997) . Compared with mocktransfected HaCaT cells, FADD dominant negative mutant HaCaT cells were almost resistant to anti-CD95 antibody-mediated killing, indicating the efficacy of the FADD dominant negative mutant construct (Table I ). The transfection procedure itself appeared to increase cell fragility to some extent since the death rate after 300 J/m 2 UV light was enhanced in mock-transfected HaCaT cells as compared with untransfected cells. UV light was still capable of inducing killing of FADD dominant negative HaCaT cells; however, the rate of apoptosis was significantly reduced in comparison to UV-exposed mock-transfected cells. Thus, these data suggest that triggering of the CD95 receptor followed by FADD activation is functionally relevant and contributes to UV-induced apoptosis.
UV Light Induces CD95 Clustering in Cells Carrying Wild-Type p53
As mentioned above, HaCaT cells were selected for this study since these cells carry p53 mutations. After having shown that UV light directly activates the CD95 receptor in HaCaT cells, the question of whether the same phenomenon can be observed in cells carrying wild-type p53 emerged. For that purpose, the squamous cell carcinoma line SCL-1, which carries wild-type p53 (Boukamp, P., personal communication), was used. SCL-1 cells were irradiated with 300 J/m 2 UV light and subjected to confocal laser scanning microscopy, as described above (Fig. 9) . Similar to HaCaT cells, SCL-1 cells reacted with CD95 clustering to UV exposure (Fig. 9 b) , and clustering was suppressed by UV irradiating SCL-1 cells at 10ЊC (Fig. 9  c) . Moreover, to prove that CD95 clustering induced by UV light on SCL-1 cells is of functional relevance, rate of apoptosis after UV exposure at 10ЊC was evaluated. Although SCL-1 cells reacted both to UV light and CD59L treatment with apoptosis, SCL-1 cells appeared to be more susceptible to UV light than to CD95L, which may be ex- plained by the fact that p53 is involved in UV-but not in CD95L-mediated apoptosis. As observed with HaCaT cells, UV irradiation of SCL-1 at 10ЊC was associated with a reduced death rate as compared with UV exposure at 37ЊC (Fig. 10) . In contrast, no difference in the rate of apoptosis was observed when SCL-1 cells were exposed to recombinant CD95L under identical conditions. This indicates that CD95 clustering is also functionally relevant in p53 wild-type cells.
Discussion
Skin cancer is the most frequently observed neoplasm in Caucasians. It has a lifetime risk nearly equal to that of all other cancers combined (Kraemer, 1997) . There is unanimous agreement that sunlight is the major environmental agent involved in the induction of skin cancer. Taking into account that more than 800,000 people are expected to develop skin cancer this year in the United States (Kraemer, 1997) , UV light can be regarded as one of the most important if not the most important carcinogen affecting mankind to date. Nature has equipped individuals with protection strategies to counteract the potent carcinogenic effects of UV light, DNA repair being the most important one. Consequently, DNA damage caused by UV light is constantly repaired, thereby preventing carcinogenesis. Patients with the inherited disorder, xeroderma pigmentosum, have a defect in DNA nucleotide excision repair and thus are very sensitive to the effects of sunlight and exhibit a 1000-fold higher risk of developing skin cancer than the average population (Kraemer et al., 1994) .
Another way for a cell with damaged DNA to escape malignant transformation is to commit suicide by activating the apoptosis program. UV exposure of healthy skin results in the regular formation of apoptotic keratinocytes, called sunburn cells (Danno and Horio, 1987; Young, 1987) . According to current hypotheses, sunburn cells represent keratinocytes that are so severely damaged that they cannot repair the DNA and thus induce apoptosis as the last escape mechanism, thereby eliminating themselves in the interest of the rest of the organism . In this process, the tumor suppressor gene p53 appears to play an important role. UV irradiation is known to arrest some cells during the G1 phase of the cell cycle in a p53-dependent manner (Campbell et al., 1993) . This arrest gives the cell the chance to repair the DNA damage. Cells that do not express functional p53 protein are unable to arrest in G1 after irradiation and proceed unchecked through DNA synthesis. This prevents cells from repairing DNA damage and thus results in a higher rate of mutation. In addition, p53 has another "guardian" role because it can induce apoptosis, thereby eliminating cells being at risk to become malignant. Therefore, UV-induced mutation of p53 enhances the risk of development of skin cancer by exerting a clonal selection pressure of mutated damage-resistant cells. However, since a considerable number of keratinocytes in UV-exposed skin carry p53 mutations but only a few develop into actinic keratoses or skin cancer, mechanisms other than p53 should be involved in the induction of UV-mediated apoptosis of keratinocytes (Kraemer, 1997) . This is also supported by the fact that HaCaT cells that carry p53 mutations (Lehman et al., 1993) become apoptotic upon UV exposure (Schwarz et al., 1995) . Since the decision of whether keratinocytes upon UV irradiation undergo apoptosis or not may be a crucial process in photocarcinogenesis, we were interested in the molecular mechanisms involved in UV-induced apoptosis, in particular whether the apoptosis-related surface molecule CD95 is of importance.
Exposure of HaCaT cells to a UV dose that causes a significant rate of apoptosis in the presence or absence of a neutralizing antibody directed against CD95 revealed that this antibody had no effect on UV-induced apoptosis, whereas it effectively blocked CD95L-induced apoptosis of HaCaT cells. On the first glance, these findings somehow contradict the observations made by Leverkus et al. (1997) , who recently reported that addition of a neutralizing antibody directed against CD95L inhibited UV-induced apoptosis of keratinocytes to some extent. However, in this study keratinocytes had to be pretreated with interferon-␥ before UV exposure to observe this effect. Moreover, although CD95L expression by keratinocytes was detected by semiquantitative PCR, Western blot, and FACS ® analysis, it has not been shown whether it is functionally active. The same applies for HaCaT cells; although we can detect CD95L both at the RNA and protein level (Maeola, A., Y. Aragane, A. Schwarz, T. Luger, and T. Schwarz. 1997. J. Invest. Dermatol. 108 :569a), we were not able to Figure 7 . Prevention of CD95 aggregation reduces UV-induced apoptosis. HaCaT cells were kept at 10ЊC, and 30 min later cells were either exposed to 300 J/m 2 UV light, stimulated with 100 ng/ ml recombinant CD95L, or left untreated (Ϫ). 10 min after stimulation, cells were incubated at 37ЊC. 16 h later apoptosis was examined by determining nucleosomal DNA fragmentation using an apoptosis determination kit. For control purposes, cells were kept all the time at 37ЊC but were otherwise treated in an identical way. Rate of apoptosis is reflected by the enrichment of nucleosomes in the cytoplasm shown on the y-axis. Data presented show one representative of three independently performed experiments.
show that CD95L-expressing HaCaT cells can kill CD95-expressing target cells. In addition, we were not able to isolate functionally active soluble CD95L from HaCaT cell supernatants. Thus, it remains to be determined whether CD95L expressed by keratinocytes is of functional relevance. Furthermore, the UV doses applied in our study did not have a significant effect on the expression of either CD95 or CD95L in HaCaT cells. Together these findings and the failure of the neutralizing CD95 antibody to inhibit UV-induced apoptosis of HaCaT cells initially suggested that the CD95 pathway should not be relevant in UV-mediated apoptosis. However, the observation that UV irradiation of HaCaT cells activates the ICE-protease CPP32 followed by cleavage of its substrate PARP and that UV-induced apoptosis can be inhibited by the ICE family inhibitory tripeptide, zVAD, suggested similarities in the pathways involved in UV-induced and CD95-mediated apoptosis (Enari et al., 1996; reviewed in SchulzeOsthoff et al., 1996) . Further insights into the mechanisms involved were obtained by addressing whether UV light directly activates the CD95 receptor. One of the earliest consequences of CD95 activation is recruitment of the signaling protein FADD (Chinnayan et al., 1995) . When UVexposed HaCaT cells were immunoprecipitated with an antibody directed against CD95, FADD protein was found to be coprecipitated. The amount of coprecipitated FADD after UV exposure was similar to the amount of FADD protein that associated with the CD95 receptor after incubation with the natural ligand CD95L. This indicates that UV exposure activates the CD95 receptor but obviously independently of CD95L.
Recently, Rosette and Karin (1996) reported that UV light and osmotic shock, respectively, can activate the JNK cascade via activation of multiple growth factor and cytokine receptors. Exposure of HeLa cells to UV light induced clustering and internalization of cell surface receptors for EGF, TNF, and interleukin-1. Since the initial event during activation of CD95 is its trimerization followed by FADD recruitment, we addressed whether UV light directly induces CD95 clustering. Therefore, HaCaT cells were exposed to UV light and stained with an antibody against CD95 followed by a second FITC-conjugated antibody. Evaluation of the staining pattern by confocal laser scanning microscopy revealed only very weak, barely discernible CD95 staining on the surface of untreated HaCaT cells. This weak staining is not due to absence of CD95 on the surface of HaCaT cells but is probably due to the sensitivity of the method used. This assumption is primarily based on the fact that Rosette and Karin observed an identically weak constitutive staining, and secondly that the expression of CD95 by HaCaT cells is clearly visible when using FACS ® analysis as a detection method (data not shown). However, when UV-exposed HaCaT cells were subjected to confocal laser scanning microscopy, a marked patchy staining compatible with receptor clustering was observed. A similar staining pattern was found on HaCaT cells that were stimulated with recombinant CD95L. These data indicate that UV light triggers the CD95 pathway by directly activating the CD95 receptor. Since interaction of CD95L with the CD95 receptor is not needed for this direct activation, this explains our initial finding that addition of a neutralizing CD95 antibody had no effect on UV-induced apoptosis. Based on their findings, Rosette and Karin predicted that any receptor whose activation mechanism involves multimerization should be activatable by UV light. Our present findings strongly support this prediction. Figure 8 . Low temperature prevents UV-induced clustering of CD95. HaCaT cells were kept at 10ЊC, and 30 min later cells were exposed to 300 J/m 2 UV light (a) or stimulated with 100 ng/ml recombinant CD95L (b). 10 min after stimulation, cells were incubated at 37ЊC. 2 h later cells were fixed, incubated with an antibody directed against CD95, incubated with an FITC-conjugated secondary antibody, and subjected to confocal laser scanning microscopy. Bars, 5 m. Since HaCaT cells are known to express TNFR1 and that autocrine release of TNF-␣ has been shown to contribute at least partially to UV-induced apoptosis (Schwarz et al., 1995) , we also studied whether UV exposure of HaCaT cells activates TNFR1. One of the early events after TNFR1 activation is recruitment of the TRADD protein (Hsu et al., 1995) . Immunoprecipitation with an antibody directed against TNFR1 followed by Western blot analysis against TRADD showed that UV light, similar to the ligand TNF-␣, induced TRADD recruitment in HaCaT cells (data not shown), thus confirming the observation reported by Rosette and Karin (1996) . Since TRADD finally recruits FADD, this pathway may also contribute to UVinduced apoptosis. However, based on immunoprecipitation alone it is not possible to differentiate to which extent CD95 and TNFR1 activation, respectively, are involved in the apoptotic pathway. TNFR1 may also be activated at a later time point after UV exposure by TNF-␣ released by keratinocytes, since it was shown that UV-induced apoptosis can be partially reduced by blocking TNF-␣ (Schwarz et al., 1995) .
How UV light leads to multimerization of cell surface receptors remains unclear, but physical perturbation of the plasma membrane or a conformational change caused by energy absorption have to be considered as likely possibilities (Rosette and Karin, 1996) . To gain further insights into whether UV-induced clustering of CD95 on HaCaT cells is of functional relevance for UV-mediated apoptosis, we wondered whether blocking of the clustering is associated with a reduced death rate after UV irradiation. Exposing HaCaT cells to UV light at 10ЊC, which is below the transition temperature of the membrane, resulted in a significantly reduced killing rate, demonstrating that UVinduced clustering of CD95 is functionally linked to UVmediated apoptosis. Furthermore, HaCaT cells transfected with a FADD dominant negative mutant construct were less susceptible to UV-induced apoptosis than mocktransfected cells, supporting the functional relevance of this pathway. However, it is important to mention that neither exposing HaCaT cells to UV light at low temperature nor eliminating the FADD pathway completely prevented UV-induced apoptosis. This suggests that additional pathways may be involved. An important phenomenon might be DNA damage, as suggested by Ziegler et al. (1994) . It is therefore possible that two phases of UV-mediated death might exist: a first phase in which direct clustering of surface receptors, such as CD95 and TNFR1, is induced, and Figure 9 . UV light induces CD95 clustering on SCL-1 cells. SCL-1 cells were either left untreated (a) or irradiated with 300 J/m 2 UV light at 37ЊC (b) or at 10ЊC (c). 30 min later, cells were fixed, incubated with an antibody directed against CD95, incubated with an FITC-conjugated secondary antibody, and subjected to confocal laser scanning microscopy. Bars, 5 m. Figure 10 . Prevention of CD95 aggregation reduces UV-induced apoptosis in SCL-1 cells. SCL-1 cells were kept at 10ЊC, and 30 min later cells were either exposed to 300 J/m 2 UV light, stimulated with 100 ng/ml recombinant CD95L, or left untreated (Ϫ). 10 min after stimulation, cells were incubated at 37ЊC. 16 h later apoptosis was examined by determining nucleosomal DNA fragmentation using an apoptosis determination kit. For control purposes, cells were kept all the time at 37ЊC but were otherwise treated in an identical way. Rate of apoptosis is reflected by the enrichment of nucleosomes in the cytoplasm shown on the y-axis. Data presented show one representative of three independently performed experiments. a second phase in which UV irradiation induces DNA damage. It is important to mention that both pathways are not mutually exclusive. However, the only direct proof that DNA damage is involved would be to enhance DNA repair and determine whether rate of apoptosis is reduced. This issue is currently being addressed in our laboratory. While DNA damage-induced apoptosis after UV exposure is suggested to be p53 dependent (Ziegler et al., 1994) , CD95 activation might be independent of p53 since similar findings were obtained with p53-mutated (HaCaT) and p53 wild-type (SCL-1) cells.
Taken together, these results for the first time demonstrate that UV light directly activates the CD95 receptor and thereby contributes to the induction of apoptosis. Since UV-induced apoptosis of keratinocytes is a cancer protective mechanism, disturbed expression of CD95 may be of importance for photocarcinogenesis. Therefore, clarification of the mechanisms involved in the regulation of CD95 expression on keratinocytes may contribute to a better understanding of photocarcinogenesis. In particular, potential stimuli downregulating CD95 expression should be identified. Furthermore, the present findings strongly support the concept that UV light can affect targets at the plasma membrane (Devary et al., 1992 (Devary et al., , 1993 Sachsenmaier et al., 1994; Simon et al., 1994) and that targeting of such structures is of functional relevance.
